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It is aimed to study forced convection heat transfer for non-Newtonian power-law fluids in a
parallel-plate channel with transverse rectangular cavities numerically. A finite volume based
computation was performed using power-law discretization scheme and SIMPLE algorithm.
The flow is assumed to be two-dimensional, incompressible, laminar and steady. Complex flow
patterns such as deflection and re-circulation caused by the variation of cross-section area
along the streamwise direction have been studied. Also, temperature distribution influenced by
these perturbations has been discussed. In particular, the effects of Reynolds number
ð50rRer350Þ, power law index ð0:5rnr2Þ and aspect ratio of channel cavities
(A.R¼0.25, 0.5) on heat transfer characteristics have been explored for channels of single
and double cavity configuration. In all examined cases, varying levels of heat transfer
enhancement were observed. The constant wall temperature condition has been applied.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Forced convection heat transfer in parallel-plate channels is of great pragmatic significance in many industrial
applications.Many researchers have attempted to increase the channel heat transfer while reducing the size and weight.
One commonly used idea implemented to improve heat transfer rates is to install arrays of transverse disturbance
promoters onto the wall of parallel-plate channels.
There are a large number of investigations about Newtonian fluid flow in parallel-plate channel with periodically-
grooved parts or detached ribs indicating that due to periodically interruption of thermal boundary layer as well as vortex
formation, the heat transfer in grooved channel is higher than that of a smooth one.
Ghaddar et al. [1] investigated the isothermal cyclic flow in channel with rectangular grooves. Their results reveal a
critical value of Reynolds number above which self-sustained oscillatory flow begins. In addition, Ghaddar et al. [2]
illustrated the facilitating effect of oscillation on heat transfer in self-sustained flows. Farhanieh [3] numerically studied the
laminar steady-state flow and heat transfer in parallel plate ducts with streamwise- periodic cavities. Greiner et al. [4], Wirts
et al. [5] and Mc Garry [6] studied the pressure drop and heat transfer in a channel with attaching arrays of cavities
transverse to main flow direction. Yongsiri et al. [7] studied the flow and heat transfer in channels with inclined detached-
ribs and investigated the effect of rib attack angle.
In recent years many researchers have reported their research results about flow structure and heat transfer on a
dimpled surface [8–11]. Ridouane et al. [12] numerically studied the heat transfer and pressure drop characteristics ofer Ltd. This is an open access article under the CC BY-NC-ND license
.
fax: þ98 192 422 5394.
erdeh).
Nomenclature
a depth of the cavity (dimensionless)
A.R aspect ratio of the cavity, ab ðdimensionlessÞ
b length of cavity (dimensionless)
Cp heat capacity ðJ=kg kÞ
C.A.R aspect ratio of the cavity, abð dimensionlessÞ
D hydraulic diameter (m)
Gr Grashof number (dimensionless)
h half height of the channel (dimensionless)
k thermal conductivity ðw=mkÞ
L period of the module (dimensionless)
m power-law consistency coefficient (Pa sn)
n power law index (dimensionless)
Nu Nusselt number (dimensionless)
Nun normalized Nusselt number defined by Eq. (6)
P dimensionless pressure
Pr Prandtle number (dimensionless)
Re Reynolds number (dimensionless)
T Temperature (k)
U dimensionless axial velocity (dimensionless)
Uc centerline velocity ðdimensionlessÞ
V dimensionless transverse velocity
(dimensionless)
x,y Cartesian coordinates (m)
X dimensionless axial distance ¼ x
hn
 
xth dimension less thermal axial coordinate
¼ xD:Re:Pr
 
Y Dimensionless transverse distance ¼ y
hn
 
Greek symbols
εxx; εyy components of the rate of deformation tensor
(s1)
η power-law viscosity (dimensionless)
θ dimensionless temperature (dimensionless)
ρ fluid density kgm3
 
τ dimensionless time
Subscripts
i evaluated inlet condition
m mean Value
p parallel-plate channel
T,x evaluated at local x-position for constant wall
temperature condition
w evaluated at wall condition
x evaluated at local x-position
n dimensional value
M. Mirzaei Nejad, K. Javaherdeh / Case Studies in Thermal Engineering 3 (2014) 68–78 69laminar air flows flowing in a parallel plate channel with transverse hemi-cylindrical cavities. The effects of cavity aspect
ratio, number of cavities and arrangement of cavities were investigated in their study.
Many materials encountered in industrial applications (i.e, polymer solutions, melt, pulp suspensions, rubber, greases
and bleed) exhibit a range of non-Newtonian fluid behaviors.
Lots of non-Newtonian materials used in afore-mentioned applications exhibit shear-thinning and shear-thickening
characteristics which are frequently approximated by power-law model. Several researchers have studied the flow and heat
transfer of non-Newtonian fluids in parallel plate channels [13,14]. Although there exist some non-Newtonian flow studies
in sudden expansions, there is striking lack of relevant theoretical and experimental data for heat transfer. Holmas and
Boger [15] experimentally studied the flow characteristics in 1:2 sudden expansion in laminar flow and indicated that the
length of the recirculation increased for stronger shear-thinning fluids. Perera and Walter [16] numerically confirmed the
above-mentioned role of shear-thinning properties. The same case was investigated for a low Reynolds flow condition
(Re¼10) by Bell and Surana [17]. They reported that as the degree of pseudoplasticity increases, the size of vortex and the
re-attachment length decreases. Temiki and Juremara [18] numerically studied the non-Newtonian fluid flow through a
symmetric sudden expansion and showed that the critical value of Reynolds number beyond which the flow is asymmetric
with center line of the channel is lower for shear-thinning fluid.
In this work, the power-low fluid flow and heat transfer in a channel with transverse rectangular cavities are investigated
numerically. Flow structure and temperature distribution for identical modules are discussed. Moreover, wall heat flux
distribution together with its heat transfer performance in comparison with smooth channel values are presented as a
function of Reynolds number, power law index and cavity aspect ratio.2. Statement of the problem and governing equations
Consider a two dimensional parallel-plate channel with transverse rectangular cavities placed symmetrically onto its
walls. The flow is assumed to be steady and incompressible.
A power-law type non-Newtonian fluid with constant thermo-physical properties ðρ;Cp; k;m;nÞ is considered as a
working fluid. Two configurations are studied: single and double cavity geometry. Fig. 1 illustrates the geometrical details of
one of the periodic modules with height 2hn, periodicity length Ln and variable cavity width an. The channel depth is
assumed to be large enough to make the 2D study acceptable. Hereby the effects of sidewalls are ignored.
To provide a reasonable comparison with smooth channel data, the increased cross-section in cavity region is not taken
into account for the calculation of hydraulic diameter. Consequently, we take the half height of channel, hn for normalizing
the length variables ðL¼ Ln=hn; a¼ an=hn; b¼ bn=hnÞ and the maximum centerline velocity Un ¼ ð3=2Þ Unm for normalizing
velocity where Um is mean velocity at the cross section with height 2hn. Other variables used for normalization are as
Fig. 1. Detailed geometry of each module.
M. Mirzaei Nejad, K. Javaherdeh / Case Studies in Thermal Engineering 3 (2014) 68–7870follows: hn=Un for time, ρUn2 for pressure, mðUn=hnÞn for stress components and mðUn=hnÞn1 for viscosity. The temperature
is also normalized as θ¼ ðTTiÞ=ðTw TiÞ.
The dimensionless forms of the applicable equations of continuity, momentum and energy (when viscous dissipation is
neglected) for the power-law fluids are then given as [19]:
Continuity
∂U
∂X
þ∂V
∂Y
¼ 0 ð1Þ
X-momentum
DU
Dτ
¼  ∂P
∂X
þ η
Re
∂2U
∂X2
þ∂
2U
∂Y2
 
þ 2
Re
εxx
∂η
∂X
þεyx ∂η∂Y
 
ð2Þ
Y-momentum
DV
Dτ
¼ ∂P
∂Y
þ η
Re
∂2V
∂X2
þ∂
2V
∂Y2
 
þ 2
Re
εxy
∂η
∂X
þεyy
∂η
∂Y
 
ð3Þ
energy equation
Dθ
Dτ
¼ 1
Re:Pr
∂2θ
∂X2
þ ∂
2θ
∂Y2
 
ð4Þ
the dimensionless parameters appearing in Eqs. (2)–(4) are the Reynolds number (Re) and the prandtle number (Pr) defined
as
Re¼ ρ U
n2n hnn
m
and Pr¼ Cpm
k
Un
hn
 n1
ð5Þ
The fluid is assumed to enter the channel with fully-developed velocity profile.
∂U
∂X
¼ 0
At the outlet boundary a constant pressure of zero gauge and the homogenous Neuman boundary condition are used.
P ¼ 0
∂P
∂X ¼ 0
The equations are solved subject to no-slip boundary condition at all solid walls and thermal boundary conditions as
described below:
At inlet plane:U ¼ 1; V ¼ 0; θ¼ 0
At the walls: U ¼ 0; V ¼ 0; θ¼ 1
(
3. Numerical method
The governing equations are integrated over the control volumes reducing to a set of algebraic equations. The discretized
equations which are iteratively solved through Tri Diagonal Matrix Algorithm (TDMA) are produced by power-law profile
approximation.
The TDMA is an approach based on the Gaussian elimination procedure and is only applicable to matrixes that are
diagonally dominant. It is worth mentioning that the dirichlet boundary conditions assist the dominance of matrix's main
M. Mirzaei Nejad, K. Javaherdeh / Case Studies in Thermal Engineering 3 (2014) 68–78 71diagonal. Also, the power-law discretization scheme interpolates the face values of variables using a fifth-order polynomial
approximation of exact solution to the one-dimensional convection–diffusion equation. It can easily be extended to two and
three-dimensional problems by repeated application of the derivation in each new coordinate direction. The detailed
description is presented and discussed by Patankar in Ref. [20].The SIMPLE algorithm is employed to handle the pressure–
velocity coupling. The numerical solution is marched to the steady state using a pseudo time-stepping approach.
Once the fully converged velocity field is determined, the temperature field may be obtained from energy equations.
The noted convergence is assessed by monitoring the residuals of mass, momentum and energy conservation equations. The
convergence criterion is set to 106 for continuity and momentum and 108 for energy equations. The computational
domain confined to afore-said module has been divided into 4-faced cells as two-dimensional control volumes. Numerical
experiments were performed in order to obtain the grid independent solution. Different grid sizes; MN (M¼61, 76, 91, 106
and N¼61, 81, 101, 121) are used where M and N are the numbers of grid points on the X and Y directions. A uniform grid of
76101 and 101101 was found to yield acceptable results for a module with C.A.R of 0.25 and 0.5, respectively.
To validate the present computer code, computations are first made in a smooth parallel plate channel and the results
thereof are compared with available analytical solutions and experimental data. For n¼0.5, 1, 1.25, a comparison of
centerline velocity between this study and the analytical results [21] is shown in Table 1; and as illustrated, a good
agreement is found.
The same comparison is shown in Table 2 for fully-developed Nusselt number and the numerical accuracy is again
confirmed. The results are also validated against both Newtonian and non-Newtonian developing flow cases in the entrance
region.
Table 3 compares the Newtonian Nusselt number of the current investigation and those obtained by Compose Silva [23]
using an integral transform technique. As can be seen, the difference is well within an acceptable limit, mentioning that the
unconformity close to the entrance is likely due to the specific linearization procedure they employed.
As tabulated in Table 4, a good agreement is also seen for non-Newtonian fluid (n¼0.5).
As an additional check of the accuracy, the results for the mixed convection in a lid driven cavity with a stable vertical
temperature gradient are reproduced by modifying the present computer program to allow the comparisons with published
data of Iwatsu et al. [25]. A good agreement again can be seen in Table 5.
4. Results and discussion
In the present work, flow and temperature fields have been numerically investigated for the channel configurations L¼4,
b¼2, and a¼0.5,1. The power-law index is varied as 0.5, 0.75, 1, 1.25, 1.5 and 2 and the prandtle number is 1. The flow is
assumed laminar and the Reynolds number is in the range as 50rRer350. Once the temperature field is obtained, the heat
transfer is discussed in each case.
4.1. Flow and temperature field
Typical streamlines and isotherms are depicted over a wide range of conditions in Figs. 2–4 so as to present more
detailed information on the flow and temperature field and their behavior in cavity region.
Contour plots illustrated in Figs. 2 and 3 show the progression in the change of flow patterns and temperature
distribution of the power-law fluid condition with an increase in flow behavior index, n and Reynolds number, Re. As shown
in these figures, a vortical structure can be observed on the upstream side of the cavity for Re¼50 and 340 and the mainTable 1
Comparison between the centerline velocities for parallel-plates obtained from this investigation and analytical results.
Present work Analytical
n¼0.5 1.328 1.333
n¼1 1.492 1.5
n¼1.25 1.546 1.555
Table 2
Comparison between the fully developed Newtonian Nusselt number obtained from the present
investigation and analytical calculations.
NuT
Present work 7.4504
Shah and London [22] 7.5407
Table 3
The comparison of Nusselt number values with Compose Silva et al. [23] for Pr¼10, n¼1, Re¼500.
Xnth Compose Silva et al. Present work
0.000125 27.75 25.03
0.000 438 16.80 15.74
0.000 75 13.70 13.31
0.0020 10.10 10.2
0.00 625 8.20 8.11
0.010 7.79 7.71
0.0125 7.70 7.64
0.0250 7.56 7.55
0.0406 7.54 7.54
Table 4
Comparison between NUt,x of the present investigation and those obtained by Lin [24] for Pr¼10, n¼0.5, Re¼500.
Xnth Lin (1977) Present work
0.0007814 15.21 14.95
0.0009989 13.86 13.74
0.0012052 13.29 13.01
0.0018029 11.43 11.38
0.0023350 10.6 10.53
0.0040173 9.29 9.26
0.0060257 8.65 8.59
0.0101102 8.21 8.17
0.0205247 7.94 7.94
Table 5
Comparison of Nusselt numbers obtained from the present study and those reported by Iwatsu et al. [25].
Re number Gr¼102 Gr¼104
Iwatsu Present work Iwatsu Present work
100 1.94 1.91 1.34 1.32
400 3.84 3.81 3.62 3.6
1000 6.33 6.28 6.29 6.23
M. Mirzaei Nejad, K. Javaherdeh / Case Studies in Thermal Engineering 3 (2014) 68–7872flow deflects into the cavity. Power law attributes do not significantly influence the streamlines except for the fact that it can
affect the size of these vortices. Although the vortical region of shear-thinning fluid is qualitatively similar to that of shear-
thickening fluid, the vortex size is somewhat larger in former case. Other experimental and numerical studies confirm that
this is reliable [15,16].
As seen in Figs. 2 and 3 at a fixed Reynolds number, the axial flow distortion intensifies with the increase in the n values
exhibiting higher temperature gradient in cavity downstream edge.
As a result of lower axial flow velocities at lower Reynolds numbers, diffusion has more time to transport the axial flow
momentum into the cavity. Thus, it can possibly reach the cavity bottom (Fig. 2a–c).This, in turn, corresponds to two trapped
bulks of fluid in two cavity corners (Fig. 2b and c). It is worth noting that for lower ‘n’ values which yield to lower apparent
viscosities, the flow catches up with cavity bottom after passing a longer length of cavity. This implies that the flow has less
time to be tuned with the solid wall ahead, thus no tangible vortex occurs in cavity downstream corner (Fig. 2a).
It can be seen for both shear-thinning and shear-thickening fluid that increasing the Reynolds number contributes to an
enhancement in vortex magnitude and causes a displacement of vortex center towards the downstream of the cavity. These
strong vortices press the wall of cavity and collect the isotherms. Thus a higher temperature gradient exists on the cavity
right upper edge and also on flat surface downstream (Figs. 2 and 3).
It is also worthwhile to mention that the vortex size for fluid of higher power law index is less sensitive to the change of
Reynolds number than the more shear-thinning ones.
A comparison between Figs. 2 and 4 can explain the role of channel cavity aspect ratio on changing the flow pattern for
different values of Re and n. As shown in these figures, the channel with higher cavity aspect ratio yields to a larger
Fig. 2. Streamlines (left) and isotherms (right) inside a cavity with A.R¼0.25 for Re¼50: (a) n¼0.5 (b) n¼1 and (c) n¼1.25.
Fig. 3. Streamlines (left) and isotherms (right) inside a cavity with A.R¼0.25 for Re¼340: (a) n¼0.5 (b) n¼1 and (c) n¼1.25.
M. Mirzaei Nejad, K. Javaherdeh / Case Studies in Thermal Engineering 3 (2014) 68–78 73re-circulating region and then lower vortex strength. Results show that as far as the deeper cavities are concerned, the
center of the vortices shifts toward the cavity center and the main flow becomes almost straight. Thus, owing to lower level
of both flow interruption and vortex strength, the thermal boundary layers tend to thicken.
Fig. 4. Streamlines (left) and isotherms (right) inside a cavity with A.R¼0.5 for Re¼50: (a) n¼0.5 (b) n¼1 and (c) n¼1.25.
M. Mirzaei Nejad, K. Javaherdeh / Case Studies in Thermal Engineering 3 (2014) 68–7874It is also found that in such cases the change of vortex structure with Reynolds number is less significant whereas it is
more pronounced for channels with small depth cavities.
4.2. The local heat flux distribution
Fig. 5 illustrates the representative variation of the local Nusselt number, Nu on the surface of the channel with power
law index and for different values of Reynolds number.
As apparent in this figure, the identical trend can be seen for both the Newtonian and the non-Newtonian fluids.
In addition to the prevalent decrease of Nu number along the channel, it further decreases sharply inside the cavity. This is
due to the re-circulating flow which develops hot zones and leads to a lower heat transfer. It can be seen (Fig. 5a–c) that due
to higher temperature gradient at cavity outer corners – as cited in previous section – two local maximums of heat transfer
occur. The results qualitatively show a good agreement with the one presented by Ridouane et al. [12].
Higher pseudo-plasticity yields to higher vortex magnitude leading to lower level of flow deflection. These coincide with
higher dominance of conduction heat transfer in cavity region and lower interruption of thermal boundary layers in smooth
segment. Consequently, in the case of a=L¼ 0:5 corresponding to the value of this study, as the figures reveal, stronger shear-
thinning fluids induce lower heat transfer in grooved channel.
For all power-law type fluids, increasing the Reynolds number contributes to an increase in heat transfer over the entire
length of channel, but as seen in these figures this increment is higher for channel surface compared with that of
grooved part.
4.3. Heat transfer performance
This study aims to explain the role of cavities on heat transfer characteristics of grooved channel for non-Newtonian
fluids. To do this, we normalized the value of mean Nusselt number of grooved channel, Num by that of a smooth channel,
Nup at the same value of Reynolds number, defining the performance as
Nun ¼Num
Nup
ð6Þ
Figs. 6 and 7 give normalized Nusselt number, Nun as dependent upon Reynolds number for n¼0.5, 0.75, 1, 1.25, 1.5, 2 and
for channels with different cavity aspect ratios of 0.25 and 0.5.
It can be seen that for a fixed value of n, when Reynolds number increases the ratio, Nun primarily shows a little
reduction and then an increasing enhancement. This is linked to the fact that at intermediate values of Reynolds the vortex
Fig. 5. Dependence of distribution of the local Nusselt number on power law index for Pr¼1 and A.R¼0.25 (a) Re¼50 (b) Re¼260 and (c) Re¼340.
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Fig. 6. Variation of normalized Nusselt number with Reynolds number for A.R¼0.25 and n¼0.5, 0.75, 1, 1.25, 1.5 and 2: (a) single cavity and
(b) double cavity.
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strength is still insufficient to press the isotherms and to recover the loss.
As shown in these figures, heat transfer performance for shear-thinning fluid is less than unity. However, it finally
catches up with unity when Reynolds number increases. It is worthwhile to mention that the corresponding Reynolds
number cited above is higher for channels with deeper cavities because the heat transfer lowers when the cavity aspect ratio
increases (Figs. 6a and 7a).
As expected, for higher values of power-law index, the Nun rises, thus evidently the performance for nZ1:25 is always
greater than unity.
The figures also reveal that as the Reynolds number increases, the Nun for Newtonian fluid which is almost marginally
close to unity changes to the higher values.
A comparison of the sub-figures shows that for the conditions at which the heat transfer of grooved channel exceeds that
of smooth channel, increasing the number of cavities increases the Nun and this trend is more apparent for channels with
cavities of smaller depths. It is also seen that at high Reynolds number, by increasing the number of cavities, the heat
transfer increases much more rapidly. The more evident feature of the data illustrated in Figs. 6 and 7 is that for shear
thickening fluid flow, increasing the number of cavities always increases the heat transfer even in channels with deep
cavities.5. Conclusion
Laminar, forced convection heat transfer of power-law fluid flow in a parallel-plate channel with rectangular cavities has
been numerically investigated. The dependence of heat transfer on Reynolds number, power law index and cavity aspect
ratio for single and double cavity configuration has also been studied. Streamline and isotherm plots are provided to show
the essential features of flow and temperature distribution.
Steady state results show a vortical flow in cavity region in which the conduction heat transfer becomes dominant.
This translates into a smaller Nusselt number inside the cavity. Besides, the flow deflection and re-circulation cluster the
isotherms at cavity upper edges, where the heat transfer rises more markedly.
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Fig. 7. Variation of normalized Nusselt number with Reynolds number for A.R¼0. 5 and n¼0.5, 0.75, 1, 1.25, 1.5 and 2: (a) single cavity and
(b) double cavity.
M. Mirzaei Nejad, K. Javaherdeh / Case Studies in Thermal Engineering 3 (2014) 68–78 77Stronger shear-thinning fluids, producing larger vortices which oppose flow deflection cause lower heat transfer.
It is found that for small value of aspect ratio, the effects of power-law index and Reynolds number on heat transfer are more
pronounced. The results also reveal that when Reynolds number increases, after a slight deviation, the heat transfer abruptly
tends to rise for all fluid types.
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